Abstract: A series of framed unreinforced masonry ͑URM͒ infill walls were retrofitted with modern materials to evaluate the abilities of these materials to mitigate blast effects. The walls were constructed from traditional and alternative masonry materials to assess the applicability of using a wood-fiber fly ash material for infill construction. The walls were tested in the laboratory under static conditions and were evaluated using several criteria: energy absorption, out-of-plane load resistance, out-of-plane deformability, and the reduction of masonry debris scatter upon collapse. Due to the presence of the surrounding frame structure, all of the walls in this program experienced some form of an arching mechanism. The use of a spray-on polyurea material was found to be highly effective in improving URM energy absorption and reducing masonry fragmentation. Infill walls retrofitted with a combination of fiber-reinforced polymer ͑FRP͒ grids and polyurea material were found to fail prematurely due to a lack of anchorage between the strengthened walls and surrounding structure. A simplified analytical model to estimate the ultimate out-of-plane capacity for FRP strengthened URM arching walls was developed. The analytical model was empirically calibrated using test data from this work as well as previous studies. The model predictions agree well with the experimental results reported in this paper.
Introduction
The use of unreinforced masonry ͑URM͒ infill walls continues to be common practice in building construction throughout the world. URM walls typically have very low flexural capacities and possess brittle failure modes making them highly susceptible to failure when exposed to out-of-plane loadings such as a blast load. Therefore, it is critical that high-threat-level facilities comprised of URM walls undergo some form of retrofit to increase their abilities to withstand blast loads and to limit the amount of damage that occurs within these structures as a result of debris scatter.
To date, numerous studies have been performed in an effort to improve the out-of-plane behavior of URM wall systems, and have investigated various methods of retrofitting structures to mitigate the effects of blast loading. The use of modern materials, such as fiber-reinforced polymers ͑FRPs͒, to retrofit URM wall systems have proven to be highly effective in improving both the load resistance and the deformability of URM walls subjected to out-of-plane loads ͑Velazquez-Dimas et al. 2000; Tumialan and Nanni 2001; Carney and Myers 2003͒ . Additionally, the use of highly deformable elastomeric surface coatings to retrofit URM infills have been found to be highly effective in reducing the masonry debris scatter that is typically associated with URM infills subjected to blast loads ͑Connell 2002͒.
When a wall is built between rigid supports it may develop restraint at the boundaries in the plane of the wall. Due to this restraint, membrane compressive forces in the plane of the wall and shear forces at the supports are induced as the wall deforms. This membrane force development is referred to as arching action ͑Angel et al. 1994; Tumialan and Nanni 2001͒. The arching action mechanism is illustrated in Fig. 1 . The contribution of the membrane forces due to arching action has been found to be inversely proportional to the height-to-thickness ͑h / t͒ ratio of a wall panel. It has been suggested that for walls with a height-to-thickness ratio greater than 30, the arching effect is negligible ͑Angel et al. 1994͒ .
In this paper, the results from a static evaluation of retrofitted URM arching infills are reported. The retrofit methods utilized modern materials and were designed with the intent of mitigating blast effects. Additionally, the use of an alternative material that possesses high energy absorption characteristics is investigated for the applicability of its use in new infill construction ͑Joshi and Myers 2006͒. The load-deflection responses and the energy absorption for each of the test walls are presented and discussed. An empirically calibrated analytical model to estimate the ultimate capacity of FRP strengthened arching infills is presented. The analytical predictions are compared with test data from this study.
Experimental Program
Two strengthening materials were selected for investigation: a glass fiber-reinforced polymer ͑GFRP͒ grid and a spray-on elastomeric polyurea. It was anticipated that when applied to the entire wall face, the use of the GFRP grid would not only significantly increase the load carrying capacity of the URM walls, but would also aid in preventing material fragmentation upon failure. The use of elastomeric polyurea material to retrofit URM walls to mitigate blast has been studied previously. Its use in blast applications was shown to be desirable due to its ability to deform and absorb energy ͑Connell 2002͒.
Test Matrix
As shown in Table 1 , the experimental program consisted of testing eight URM arching walls constructed from three different masonry materials. All of the walls were tested under a one-way arching condition to simulate the severe case in which the wall is effectively nonslender in one direction only. This condition is typical for structural frames with moderate to large column spacing. Five of the walls were constructed from traditional masonry materials, clay brick ͑CL͒ units and concrete blocks ͑CMUs͒, to represent masonry that is typical of current infrastructure throughout the United States. The remaining three walls were constructed from alternative masonry units created from a wood-fiber fly ash ͑WFFA͒ material. A single control wall was constructed and tested for each type of masonry material to establish a baseline for evaluating the effectiveness of the retrofit strategies, as well as for comparison among the different masonry materials. Two strengthening schemes were investigated: a spray-on polyurea ͑PU͒ retrofit which consisted of polyurea material exclusively, and a GFRPpolyurea ͑PU-G͒ retrofit system which consisted of the GFRP grid embedded within the polyurea material.
The geometry of the walls was varied among the different masonry materials to maintain a constant height-to-thickness ͑h / t͒ ratio of approximately 13; however, the walls had a uniform width of 914.4 mm ͑36 in.͒. The wall geometry is presented in Table 1 and considers the wall thickness prior to undergoing retrofit. All of the walls in the experimental program were constructed using a running bond.
Material Characterization
A Type-S mortar was used for wall construction and its compressive strength was verified by testing 50 mm ͑2 in.͒ mortar cubes in accordance with ASTM C109 ͑ASTM 2005͒. The average strength of the mortar was found to be 12.7 MPa ͑1,850 psi͒. To determine the compressive strength of the masonry, test prisms were constructed for each of the wall specimens. The prisms were match-cured with the wall specimens and were tested uncapped. The resulting compressive strength of the masonry is shown in Table 2 . It was assumed that the modulus of elasticity for the clay and concrete masonry materials could be approximated using the recommended design equations reported in the "Building Code Requirements for Masonry Structures" design guidelines ͑Ma-sonry Standards Joint Committee 2002͒. The stiffness of the WFFA masonry was determined through testing, and resulted in an average modulus of elasticity value of 4,030 MPa ͑585 ksi͒. This value was found to agree well with the general equation for the modulus of elasticity for clay-type masonry provided in the "Building Code Requirements for Masonry Structures."
Tensile tests were performed on a series of coupons in accordance with ACI Committee 440 ͑ACI 2004͒ for the GFRP material as well as the polyurea material. The mechanical properties for both materials are based on the average values from testing and are reported in Table 3 . Note that the ultimate properties of the polyurea material have not been reported due to displacement limitations of the testing apparatus.
The procedure used to retrofit the URM walls was essentially the same for both retrofit techniques used in this study. The walls were initially primed using an epoxy-based primer. Following the application of the primer, the elastomeric polyurea material was sprayed onto the wall surface until the desired thickness of elastomer was achieved. A 3 mm ͑1 / 8 in.͒ layer of polyurea was sprayed onto the walls retrofitted with polyurea exclusively. For the walls utilizing the GFRP-polyurea retrofit, precut GFRP grids were embedded into an initial 3 mm ͑1 / 8 in.͒ application of polyurea. A secondary layer of polyurea was sprayed over the grid surface until the GFRP was fully embedded within the polyurea and no voids were visible in the retrofit. The completed GFRPpolyurea retrofit was approximately 10 mm ͑3 / 8 in.͒ in thickness for Walls CMU-PU-G and WFFA-PU-G, and was 19 mm ͑3/4 in.͒ for Wall CL-PU-G. The spray-on polyurea was allowed to overlap 51 mm ͑2 in.͒ onto the surrounding reinforced concrete ͑RC͒ framing members for both retrofit methods.
Test Setup
The walls in this study were tested in the laboratory under quasistatic conditions by way of a uniformly distributed pressure. The uniform pressure was applied using an airbag system ͑see Fig. 2͒ . Note that although the focus of this study was aimed at evaluating modern blast retrofits, the walls were tested under static conditions to simplify the testing program and to allow the results from this program to extend into other out-of-plane retrofit applications. As a result, the findings from the experimental program cannot be taken as a direct representation of retrofitted walls subjected to true blast loads. The experimental findings serve only as a relative indicator of retrofit effectiveness for the purpose of blast mitigation. The airbag was placed between the URM infill and a stiffened steel plate, which reacted against a concrete strong wall. The lower RC boundary elements that the URM walls were constructed on top of were anchored to a concrete strong floor. The upper RC boundary elements were restrained both vertically and horizontally through a series of steel sections and chains anchored to a concrete strong wall. Deflection data were recorded along the vertical profile of the wall at five locations using string transducers. For the retrofitted walls, strain data were also acquired along the vertical profile. The pressure in the airbag was recorded using a pressure transducer, and all of the data were acquired using a data acquisition system sampling at a rate of 2 Hz.
Experimental Results

Test Results
Three different modes of failure were observed for the walls in this study: ͑1͒ instability failure; ͑2͒ flexural failure; and ͑3͒ anchorage failure by way of debonding or shearing the polyurea at the boundary location.
In the case of the control URM walls, the failure mechanism was primarily attributed to some form of wall instability as a result of the out-of-plane deflection. In the case of Walls CL-0 and CMU-0, no crushing was found to occur in the masonry units and only minor crushing was observed in the mortar of the bed joints. However, due to the relatively low strength and stiffness characteristics of the WFFA material, crushing was observed in the units at the midheight location of Wall WFFA-0. All of the control walls exhibited little resistance to debris scatter upon collapse. The failure behavior of the arching walls is illustrated in Fig. 3 .
A flexural failure mode was observed for only one wall, Wall CMU-PU. After undergoing extreme out-of-plane deformations, rupturing of the polyurea material at midheight was observed ͓see Fig. 3͑b͔͒ . Although this wall did ultimately collapse, the use of the polyurea material prevented the fragmentation and scatter of the masonry material upon the collapse of the wall.
The most common mode of failure for the retrofitted walls was an anchorage failure of the polyurea at the boundary locations. This mode occurred in all of the walls utilizing the GFRPpolyurea retrofit, and also occurred in Wall WFFA-PU. After initial cracking and slight crushing of the mortar was observed at the wall boundaries, the overlap of polyurea onto the frame elements was observed to slowly debond until ultimately separating from the RC beam elements. In the case of Wall WFFA-PU-G the overlap of the polyurea material was sheared at the upper boundary location causing the wall to abruptly collapse. Note that although Wall WFFA-PU-G ultimately collapsed, the retrofit was successful in reducing the amount of debris that occurred as a result of wall collapse ͓see Fig. 3͑c͔͒ .
Discussion
The load-deflection behavior of the URM arching walls is presented in Fig. 4 . Note that in all of the plots in Fig. 4 , the applied load has been expressed as an equivalent uniform pressure. Due to deficiencies in the airbag loading system, it was not possible to apply pressure to the entire face of the URM walls. Therefore, the presented equivalent uniform pressures are reduced values based on the measured airbag coverage area and the pressure in the airbag. Additionally, the deflection data presented in Figs. 4͑a-c͒ represent adjusted midheight deflection values. It was necessary to reduce the measured midheight deflection due to lack of rigidity in the surrounding frame structure and horizontal sliding of the URM walls.
It can be seen from the plots in Figs. 4͑a and b͒ that when compared to the behavior of the URM control walls, CMU-0 and WFFA-0, the use of the polyurea retrofit resulted in only marginal increases in the out-of-plane load resistances of the retrofitted URM walls. However, the use of the polyurea retrofit resulted in significant improvements in the deflection capability of the infill walls. The increased deformability led to significant improvements in energy dissipation.
For walls utilizing the GFRP-polyurea retrofit, much larger increases in the out-of-plane load capacity were achieved, but the deflection capabilities of these walls decreased in comparison to the unstrengthened URM walls. It should be noted that due to loading limitations of the airbag system, Wall CL-PU-G was loaded to failure through use of a midheight point load applied along the width of the wall. Therefore, the presented pressure results in Fig. 4͑c͒ represent equivalent pressure values that would theoretically induce the same total moment as that of the midheight point load.
In Fig. 4͑d͒ the influence of the base masonry material is presented by way of the load-normalized deflection behavior of the URM control walls. It can be seen that the use of the WFFA masonry resulted in comparable capacities and deflections as that of the walls constructed from the traditional masonry materials. The energy absorption capabilities of the URM walls have been evaluated from the external work done by each of the URM walls. As shown in Fig. 5 , although both retrofit methods resulted in increased energy dissipation capabilities, the walls utilizing the polyurea retrofit proved to outperform all other walls on an energy basis. Note that the external work done by Wall CL-PU-G cannot be directly compared to the other walls because of the alternate loading method used.
Analytical Study
Model Development
In addition to the experimental work, a simplified analytical model has been developed to estimate the capacity of FRP strengthened URM arching infills at the ultimate limit state. The It is assumed that beyond the cracking limit state, the wall will develop into a three-hinged arch and the upper lower halves of the wall will deform as rigid bodies. The free-body diagram for the lower wall segment has been presented in Fig. 6 . To simplify the problem, the eccentricities of the arch-thrust force at the boundary and the midheight compressive force are assumed to be equal for all internal force distributions, and are related to the thickness of the masonry wall through use of the nondimensional constant "k." The in-plane compressive stresses in the masonry wall can be expressed as a uniform distribution acting over the depth 2t͑0.5 − k͒ ͑Anderson 1984͒. Lastly, because masonry in compression exhibits a nonlinear response, the following equations were used to represent the distribution of uniform stress at the midheight location of the wall ͑Galati et al. 2005͒:
To evaluate Eqs. ͑1a͒ and ͑1b͒, the recommended values from the "Building Code Requirements for Masonry Structures" ͑Ma-sonry Standards Joint Committee 2002͒ can be used to approximate the strain values for the compressive response of masonry.
The strain values for the WFFA masonry were based on the measured response obtained from prism testing. The recommended values have been presented in Table 4 .
From Fig. 6 , the equilibrium of forces in the plane of the wall results in the following:
The limiting midheight compressive force in the masonry wall is determined from:
Assuming that the strain in the FRP at the midheight location can be related to the depth of the uniform stress in the masonry by way of the factor ␤ 1 , the tensile force in the FRP is governed by:
where fe = reduced ultimate strain value to account for premature failure modes ͑debonding of FRP͒ ͑Galati et al. 2006͒. For the GFRP-polyurea retrofit system, the value of fe has been taken equal to 0.65 fu ͑Hrynyk et al. 2007͒. The value of FRP at the midheight location of the wall is based on a linear strain distribution and the depth of the neutral axis, c:
Therefore, the strain in the FRP at midheight can be directly determined as:
To simplify the solution procedure, it is recommended to initially assume that the crushing of masonry will be the governing mode of failure. In the event that FRP Ͼ fe as the result of evaluating Eq. ͑5b͒, the ultimate limit state is that of tensile failure, and an iterative approach using Eqs. ͑1a͒ and ͑5b͒ must be performed to solve for the value of ␤ 1 . From the equilibrium of moments with respect to point B in Fig. 6 , the ultimate flexural capacity can be determined from the following:
To evaluate Eq. ͑6͒, the out-of-plane deflection at the midheight location is required. The out-of-plane deflection, z, is dependent upon several factors: the material properties, the wall geometry, the deformability of the surrounding frame elements, and the system of internal forces. It should be noted that the stiffness contribution from the FRP strengthening material is not explicitly considered in the deflection calculations; however, the level of reinforcement does have significant impact by way of the in-plane force development, P, and the force eccentricity, k.
The following relationships can be used to evaluate the length of segments AB and hЈ / 2, presented in Fig. 6͑b͒ :
The net height of the wall segment, hЈ / 2, represents the reduced wall segment length at ultimate due to elastic shortening, the existence of gaps between the wall and abutments, and shrinkage. Note that the overall height of the wall, h, is to be taken as the initial distance between the framing abutments at the base and the top of the wall. From Eqs. ͑7a͒ and ͑7b͒, the midheight deflection can be determined as ͑Anderson 1984͒:
where tЈ represents the mean width of the compression core subjected to in-plane compressive forces; K 1 and K 2 represent known stiffness values of the surrounding frame elements. The following can be used to approximate the average width of the compression core, tЈ ͑Anderson 1984͒:
To obtain a solution for the out-of-plane capacity of a strengthened arching wall using the presented system of equations, the parameter k has been empirically evaluated.
Model Calibration
The model was calibrated with the use of experimental data from this study as well as other previous works ͑Carney and Myers, 2003; Galati 2003͒ . Research has shown that a k value of 0.45 is appropriate for unstrengthened URM walls ͑Anderson 1984͒. Also, studies have shown that as the arching effect is influenced by the level of reinforcement as well as the height to thickness ration ͑Galati 2003͒. Therefore, it seemed appropriate to express the parameter k in terms of the reinforcement level and to limit k to a maximum value of 0.45.
Thirteen walls varying in geometry, masonry type, strengthening material, and reinforcement level were used to calibrate the model. The relationship presented in Fig. 7 agrees with the findings from previous works and suggests that the parameter k is dependent upon the reinforcement level as well as the height-tothickness ratio. From Fig. 7 , the following empirical relationship was developed:
Eq. ͑10͒ has been limited to a minimum value of 0.33 because the determined relationship is based on a limited data set, and further experimentation needs to be done to determine appropriate k values for walls possessing larger reinforcement ratios.
Validity of the Analytical Model
To evaluate the applicability of the presented analytical model, the theoretical ultimate capacity of Wall CMU-PU-G has been calculated and compared with experimental results. The geometry, material properties, and strengthening scheme have been presented previously in Tables 1-4 . The solution process is presented in the attached Appendix.
The input values for the analytical model were based on a combination of material properties determined from testing, assumed behavioral trends for the materials composing the URM wall, and stiffness characteristics for the test frame used in the laboratory. As illustrated in Fig. 8 , the analytical prediction of the ultimate load capacity for Wall CMU-PU-G matches relatively well with the presented experimental results. The ultimate limit state prediction for Wall CMU-PU-G resulted in load and deflection values of 79.0 kPa ͑11.5 psi͒ and 7.9 mm ͑0.31 in.͒, respectively. In comparison to the experimental values of 86.5 kPa ͑12.5 psi͒ and 14.8 mm ͑0.58 in.͒, the analytical model predicted the ultimate capacity within a reasonable level of accuracy, but significantly underpredicted the midheight deflection. However, several of the assumed properties for Wall CMU-PU-G will have a significant effect on the accuracy of analytical prediction. If Wall CMU-PU-G were considered to have stiffness characteristics similar to that of the recommended design values for clay masonry, improvements in the analytical predictions are obtained ͑see Fig. 8͒ .
Conclusions and Recommendations
The following conclusions and recommendations pertaining to the experimental research performed in this study can be made:
• The use of both retrofits resulted in increased capacities and increased energy dissipation capabilities. However, the use of polyurea exclusively had only marginal effects on the capacity. • All of the walls utilizing the GFRP-polyurea retrofit failed prematurely due to a lack of anchorage between the spray-on polyurea material and the surrounding RC boundary elements.
• The retrofit systems reduced or prevented the masonry debris scatter upon collapse.
• The use of the alternative WFFA masonry units resulted in acceptable capacities and deflections when compared to that of the traditional masonry materials.
• A larger test program utilizing variable reinforcement levels should be performed to gain a better understanding of the behavior of URM walls strengthened with the GFRP-polyurea retrofit. The following conclusions and recommendations can be made regarding the presented analytical model:
• The capacity estimates obtained from the developed analytical model agree well with the experimental findings from this study.
• The accuracy of the analytical predictions is highly dependent on the empirical parameter k, and assumed material stiffness characteristics.
• It is recommended that further analytical development be performed such that the FRP stiffness is considered explicitly in deformation calculations and large displacements are reasonably accounted for.
• Additional experimental data should be used to refine the calibration of the analytical model.
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Appendix
The following section outlines the solution process used to predict the capacity and corresponding midheight deflection of Wall CMU-PU-G. The material properties are based on those provided in Tables 1-4 . Because the retrofits implemented in this study were of considerable thickness, the retrofit thickness was considered as part of the wall thickness, resulting in a reduced slenderness ratio: t = 102 mm ͑4 in.͒; h = 1,219 mm ͑48 in.͒; ͑h / t͒ = 12.0 The first step in the solution process is to evaluate the empirical expression for the k parameter: ͓refer to Eq. ͑10a͔͒, k = 0.45 + ͑0.000123͓͒͑12͒ 2 − 780͔ = 0.372 Assuming that the governing mode of failure for the strengthened URM wall will be that of compression failure, and assuming the recommended strain values for concrete masonry presented in Table 4 
͑14͒
͓refer to ͓Eq. ͑5b͔͒, FRP = 0.0025͑͑101.6− 32.3͒ / 32.3͒ = 0.0054 mm/ mm. The strain in the FRP is limited to an effective value fe which is equal to 0.65 fu to account for debonding of the FRP material. From Eq. ͑14͒ it can be seen that FRP Ӷ fe and therefore the tensile force in the FRP can be determined from the following:
͓refer to Eq. ͑4͔͒, T = ͑349 mm 2 ͒͑26,615 MPa͒͑0.0054 mm/ mm͒, T = 50.2 kN ͑11.3 kips͒.
From the equilibrium of forces:
͓refer to Eq. ͑2͔͒, P = 182.6 kN− 50.2 kN= 132.4 kN ͑29.8 kips͒.
To evaluate the midheight deflection, values for the stiffness of the surrounding frame elements, initial gaps, and shrinkage strains are required. For the walls in this study, the strains due to shrinkage have been neglected. The stiffness of the surrounding frame members corresponds to the stiffness of elements used in the experimental test setup. Additionally, it was assumed that a gap of 1 mm ͑0.04 in.͒ should be considered to account for play that existed within the vertical restraints used to anchor the upper boundary element:
K 1 = 1,282 kN/mm ͑7,320 k/in.͒
